Abstract-We present heavy ion and proton data on AlGaN high-voltage HEMTs showing single event burnout (SEB), total ionizing dose, and displacement damage responses. These are the first such data for materials of this type. Two different designs of the epitaxial structure were tested for SEB. The default layout design showed burnout voltages that decreased rapidly with increasing LET, falling to about 25% of nominal breakdown voltage for ions with LET of about 34 MeV · cm 2 /mg for both structures. Samples of the device structure with lower AlN content were tested with varying gate-drain spacing and revealed an improved robustness to heavy ions, resulting in burnout voltages that did not decrease up to at least 33.9 MeV · cm 2 /mg. Failure analysis showed that there was consistently a point, location random, where gate and drain had been shorted. Oscilloscope traces of terminal voltages and currents during burnout events lend support to the hypothesis that burnout events begin with a heavy ion strike in the vulnerable region between gate and drain. This subsequently initiates a cascade of events resulting in damage that is largely manifested elsewhere in the device. This hypothesis also suggests a path for greatly improving the susceptibility to SEB as development of this technology goes forward. Testing with 2.5-MeV protons showed only minor changes in device characteristics.
AlGaN-channel-based power transistors for power conversion [5] [6] [7] , which requires higher operating voltages and different operating modes. These devices are attractive for improving size, weight, and power for space applications.
While most work on GaN microwave transistors [1] , [2] has shown little issue with single event effects, total ionizing dose (TID), or displacement damage (DD), there is little reason to believe that devices designed for high-voltage power conversion would not have at least some of the same issues seen in power Si transistors [8] . Indeed, some recent work on AlGaN/GaN HEMTs for power applications [3] , [4] has shown a susceptibility to single event burnout (SEB) and related failure mechanisms involving the substrate [4] . Further, to achieve the operating characteristics desirable for power conversion (particularly higher breakdown voltage, BV DS ), changes in design and materials make the results seen for GaN HEMTs less applicable to these newer wide bandgap power devices.
In this paper, we investigate SEB, TID, and DD effects in HEMTs that use Al x Ga 1−x N with differing concentrations of AlN in both channel and barrier layers with BV DS between 200 and 500 V. To our knowledge, this is the first such testing of this type of device for the space environment.
II. EXPERIMENTAL DETAILS
For this paper, two prototypes of Al x Ga 1−x N HEMTs were used, with maximum breakdown voltages of 200 and 500 V, respectively (at a gate-drain spacing of 5 μm) [5] , [6] . They differ in the design of the barrier and channel layers, particularly in the composition of the materials used. They are described in detail in [5] and [6] . The nominal 200 V device is called "Type I" which has the barrier layer of Al 0.45 Ga 0.55 N, while the channel layer is Al 0.3 Ga 0.7 N. The nominal 500 V device is called "Type II" and has the barrier layer of Al 0.85 Ga 0.15 N, while the channel layer is Al 0.7 Ga 0.3 N. The substrate in both types is sapphire [5] , [6] , and interface defects are believed to be well isolated by the AlN buffer and not to participate in the types of effects described here. These two device types are shown schematically in Fig. 1 . A limited number of research prototypes were available and were not screened for pre-irradiation breakdown voltages, to avoid damaging them.
The prototypes had 20 fingers, with a width of 300 μm each, for a total of 6 mm, a gate length of 2 μm, and varying gate-drain (G-D) spacing (5-μm spacing is baseline). An example device is shown in Fig. 2 .
These devices were packaged in ceramic DIPs with removable lids to allow exposure of the devices to heavy ions. These packages were used with a ZIF-socketed generic test 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. board. A current probe and a high-voltage bias tee were used to measure transient currents and voltages on the drain with high-speed oscilloscopes (time resolution of 100 ps). Since the high-voltage power supplies can only supply low currents, drain connections used capacitors to provide transient current as shown in Fig. 3 . Heavy ion testing was conducted at the Tandem Van de Graff facility at Brookhaven National Laboratory, Upton, NY, USA. This type of accelerator facility requires that the device under test (DUT) be placed in a vacuum chamber. Prior to choosing this facility for testing, simulation of the full stack of device materials in SRIM [9] was used to confirm that even in the worst case, heavy ions had little change in linear energy transfer (LET) at ranges well beyond the active layers.
Transistor gates were consistently biased at −6 V to ensure that the channel was pinched off, with one exception. One device had lower threshold voltage than the others, and was given a gate bias of −10 V, and it behaved similar to the other devices as far as SEB is concerned.
For these devices, there were two different die types that were packaged. One type had four transistors of the same layout, while the other type had variations in G-D spacing (4, 8 , and 10 μm) that gave different breakdown voltages.
The experimental plan was to map out the safe operating area (SOA) of drain voltage in the off-state (the most vulnerable operating mode [8] ) for ions up to Au (LET = 64.7 MeV · cm 2 /mg), to get a first estimate of how much voltage derating would be necessary for reliable operation in space radiation environments. In practical terms, this meant starting at low LET and working up to higher LETs, looking for when the ions begin to degrade performance. The exception to this was that at the beginning, the highest LET was used on one part to confirm that we would see degradation in these devices, since this is a new materials system. Once confirmed, we started with a low-LET ion and start working up to higher LETs.
Most exposures were done to a fluence of 2.5 × 10 7 ions/cm 2 (0.25 ions/μm 2 ). Given the dimensions of the transistor active areas, the entire device will have been struck by more than 3 × 10 4 ions, on average. For the amount of repetition and symmetry in the design, this was deemed more than adequate, as each equivalent spot would have received many ion strikes in a given exposure.
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Single Event Burnout as a Function of LET
To analyze the data, it was necessary to calculate the LET by running simulations in SRIM-2012 [9] , which included metal layers, silicon nitride, and the epitaxial layers. Overlayers were the same for the two device types, but LET varies with layer composition, and the value used was that for the channel layer for each of the designs. A summary of the ions, their LETs in Al x Ga 1−x N, and their ranges is shown in Table I , with LET values given at the top of the channel layer. Note that the LET is higher for the Type II, due to its lower density. Ranges were calculated using the Type I layers, as they are the worst case, having a maximum semiconductor thickness of about 5.7 μm, including the AlN buffer layer, but they are shown as the distance beyond the bottom of the channel, into the buffer and beyond.
Because we increased drain voltage in discrete steps, and SEB is a one-time event, we could not know the actual threshold voltage to achieve SEB (V SEB ). Therefore, we have taken the midpoint between the voltage at which SEB happened and the previous voltage where it did not as an estimate of V SEB , and have used the two voltages as the range for error bars. (For example, if a device passed at 150 V, but failed at the next step at 160 V, it would be shown as 155 ± 5 V.) It should also be noted that a few of these prototype transistors burned out from simple applied voltage, rather than from radiation, because the devices had to be biased at higher voltages to see SEB for low LETs, bringing us to their BV DS . These are shown and noted for the sake of comparison. In general, nominal breakdown voltages seemed to be about what was expected (∼200 and ∼500 V, respectively) for the two designs with 5-μm G-D spacing. The first set of data to examine is for Type I with the baseline 5-μm G-D layout, plotted in Fig. 4 . For ions up to and including Si (LET = 6.59 MeV · cm 2 /mg), SEB was observed, but generally only very close to the expected BV DS (∼200 V). For Ti and heavier ions (LET ≥ 17.4 MeV · cm 2 /mg), SEB was triggered well below the expected BV DS . In the case of Br (33.9 MeV · cm 2 /mg), V SEB was only about 25% of expected BV DS , and probably would have been worse for heavier ions, given the observed trend. Also of note is the response to Fe ions (21.6 MeV · cm 2 /mg), which shows V SEB at slightly higher than 50% of expected BV DS , which is significant because ions heavier than Fe are far less prevalent in the galactic cosmic ray background in space [9] , so margin against Fe is often a key metric for shorter space missions. (Fe LET in these tests was within 10% of the peak LET for Fe in these materials.) The Ge (29.9 MeV · cm 2 /mg) result is also noteworthy because it has an LET similar to that for Ga, which would be one of the common secondary ions for any Al x Ga 1−x N device in an energetic proton environment, such as the lower radiation belts. The low V SEB from Ge implies that a significant reduction of the nonrad SOA would be needed in such an environment.
Process stability improvements are still under development, and without screening for actual BV DS , there was more apparent variation in breakdown than we would have liked. For example, when testing with F ions, some devices broke down (from bias increase while not being exposed to any ions) well below 200 V, while others could be biased to 200 V without breakdown, and, this likely leads to some variability in measured V SEB . This is a situation that complicates interpretation, but which will improve as the technology matures. What is clear, though, is that these HEMTs are susceptible to SEB for fairly low LET ions and the use voltage for this particular version would have to be substantially derated to ensure reliable operation in space, if these early prototype parts were used without improvements. The test results for other layout versions (described below), however, shows a possible way to mitigate this problem. Either because of the lithography registration tolerance for the process (typically estimated as on the order of 1 μm, though visual inspection indicated very good alignment on our samples), or because of the relative size of the sensitive area to this difference, devices with G-D spacings of 4 and 5 μm had a very similar SEB response. The data for G-D spacing of 8 μm is sparse, with only one observed SEB event. Despite this, the result for Fe (21.6 MeV · cm 2 /mg) indicates that the larger spacing can improve the SEB threshold, since its V SEB is approximately the same as the BV DS observed when trying to trigger SEB with Si ions. The data taken with a G-D spacing of 10 μm support this observation, as they show similar V SEB up through Br (33.9 MeV · cm 2 /mg), and possibly even heavier ions with higher LETs, though there is definitely a point where SEB does become a problem, since for Au (64.7 MeV · cm 2 /mg), V SEB is reduced to 87.5 ± 12.5 V (i.e., the device passed at 75 V, but failed at 100 V, as described above). It would seem, then, that increasing the G-D spacing for the same device structure can mitigate the lowered SEB threshold in such devices. This is examined more in Section III-B on failure modes, mechanisms, and their implications.
The final group of heavy ion data to examine is for the other epitaxial structure, Type II, shown in Fig. 6 . Layout dimensions are the same as the base Type I device, with G-D spacing of 5 μm, and nominal BV DS is 500 V. Based on the limited amount of data that we currently have, it appears that these devices behave qualitatively like Type I devices of the same layout. The difference here is that BV DS is much higher and the LET of most ions is also slightly higher. For Ge (33.6 MeV · cm 2 /mg-almost identical to the LET of Br for Type I transistors), V SEB is about 25% of BV DS , as it was for Type I with Br ions. Also similar is the near immunity to SEB from Si (4.4 MeV · cm 2 /mg).
The primary difference, in terms of SEB threshold, is that V SEB appears to fall much more rapidly among the lower LET values than what is seen in Fig. 4 . For example, with Ti (19.5 MeV · cm 2 /mg) and Fe (24.3 MeV · cm 2 /mg) ions, V SEB is already less than 50% of BV DS , which did not happen consistently for Type I until Br (33.9 MeV · cm 2 /mg for the Type I), though it is still a secondary effect compared to the broader response. So, there appears to be an enhanced SEB sensitivity for Type II, beyond what would be expected from the slightly higher LET of ion species alone. We plan, in the future work, to do similar tests for this structure with larger G-D spacing to see if a similar benefit is realized for Type II as for Type I.
B. Failure Modes, Mechanisms, and Implications
Following testing, all devices were photographed as part of a basic failure analysis. The images show the damage wrought by these catastrophic failures, but, more importantly, they show a distinct pattern that gives insight into the failure mechanism responsible. These insights are supported by the oscilloscope traces captured during burnout.
While the details of how the high currents and associated localized heating physically damaged them differ from one device to another, they share some key characteristics. The most important trait they share is a single spot bridging gate and drain, randomly located among the gate and drain fingers, which we hypothesize is the location of the heavy ion strike that caused SEB. An example showing this is in Fig. 7 .
The area between gate and drain is the most obvious point for a failure to begin when a device is biased in the off state with a high drain voltage. In this state, the highest electric fields are in this area, with far lower fields (nearly two orders of magnitude, in some cases) between gate and source. Our hypothesis is that a heavy ion strikes in the high-field region between gate and drain, and connects them, either directly through the created charge or by beginning impact ionization (avalanche) in the space. This hypothesis is supported by oscilloscope traces captured during burnout events, which show that the events begin with a simultaneous drop in drain voltage and sharp increase in gate voltage. A sample of such a captured transient is shown in Fig. 8 . The shape of the captured transients follows the general shape shown in Fig. 8 , with no systematic variation that followed Examining the burnout transients shows several time constants. The most obvious is the long time constant for the drain voltage, which corresponds to the 1-μF drain capacitor discharging through a very low resistance (<10 -approximately the on-resistance of a normal device). Superimposed on this is at least two other time constants that are much shorter. The longer of the two corresponds to about 10 MHz, and is present on most of the captured events, and we believe it is in an interaction of device instability (when the gate voltage goes high, the channel is turned on very strongly) and circuit parasitics. The shorter time constant is highly variable among the captured events, and is believed to be noise from the destructive processes. Note how drain current and drain voltage appear to trade between each other (drain voltage troughs align with drain current peaks), which we believe is evidence that drain current is partially shunting through the gate, as well as through the channel in this early stage (gate current was not recorded). Additional instrumentation in the future tests should clarify this.
The behavior of the gate voltage is more straightforward. After the initial step up to over 35 V (in this example), there is high-frequency ringing, and a much longer decay to ground, as physical damage to the device structure unfolds. Since the gate voltage never rises to the level of the drain voltage, it is clear that the connection between gate and drain is imperfect and very short-lived. As noted above, when the gate voltage goes high, the channel is suddenly very conductive, and offers an alternate path for current from the drain, which is still at a high potential. Even as the gate voltage comes down, the channel remains on, since these are depletion-mode devices. Once the G-D connection happens, we cannot describe the sequence of events with confidence. (For instance, we do not know the role of conduction through the gate barrier layer and the channel.) It is, however, clear from the damage to both drain and source connections, bond pads, and bond wires, that large currents are involved (drain currents of several amps were recorded in some cases)-well above those for which the devices were designed. In most cases, the crossover between gate metal and source metal lines also broke down, but it is impossible to tell when. The final state of devices was approximately evenly split between drains shorted to ground and open circuits, which appears to be dependent on the details of how the physical damage evolved during the event (e.g., currents high enough to fuse open bond wires result in an open circuit).
What we believe is most clear from failure analysis is our hypothesis that the destructive processes begin with a single ion strike between gate and drain which connects them, beginning a cascade of irreversible processes. (It should be noted that this mechanism is related, but not identical to, what is described in [4] , and is distinct from mechanisms proposed in [2] and [3] .) These processes can include dielectric breakdown in G-S metal crossovers, forward biasing of the gatechannel heterojunction, strong turn-on of the channel while a high bias is on the drain, and other effects, though the order is not known or entirely predictable, given the variety of gross damage patterns seen in this paper. We believe that the lack of precursor transients at lower voltages is consistent with this hypothesis, in that at the threshold of SEB, an ion strike must be ideally placed, and deposit sufficient charge to bridge gate and drain. Any ion strike that does not meet both criteria will result in very little charge collection compared to the enormous changes that such an event triggers (particularly considering the thin layers normally available for collection), and would not be easily measured in this system. Irradiating at angles more perpendicular to gate and drain contacts, as in [4] would give useful information about the SOA. A closer examination of the Type I devices with larger gate-drain spacing, as shown in Fig. 9 , supports this.
It is intuitively obvious that larger spacing makes bridging the space more difficult. Fig. 5 showed the higher V SEB for larger gate-drain spacing, L GD , as expected, since BV DS is higher. However, it also showed that, particularly for L GD = 10 μm, the large spacing permitted the devices to maintain the higher V SEB for heavier ions, at least up to Br (33.9 MeV · cm 2 /mg). This is illustrated more clearly Fig. 10 shows the V SEB data for only Si, Fe, and Br (in order of respective LETs) ions, but as a function of L GD, clearly revealing the expected trend. The same data is replotted in Fig. 11 (with the L GD = 8−μm point removed for clarity) as a function of LET, which shows the other trend: for small L GD , V SEB decreases quickly with LET, while LET = 10 μm shows no such decrease. We recommend that future work should explore this further by finding what value of L GD shows no further improvement in robustness to ions with higher LET, improving the statistical basis for these findings, filling in more LET values, and examining the trade-offs with other device performance metrics.
C. Proton Irradiation Effects
Separate samples of Type I devices (L GD = 5 μm) were irradiated with 2.5-MeV protons at the Ion Beam Laboratory of Sandia National Laboratories, Albuquerque, NM, USA. Devices were characterized before and after each exposure to protons in logarithmic steps of fluence. In the following figures, the total ionizing dose was estimated using SRIM [9] , to be 131 Mrad(Al 0.45 Ga 0.55 N) at the maximum fluence of 1 × 10 14 p/cm 2 . Fig. 12 shows drain current versus gate voltage from these exposures. (This type of irradiation has bulk, rather than localized effects, so it is not expected to have a different response from what is described below for different G-D spacings. Similarly, the higher Al content of Type II devices is not expected to change the trends described below, though there may be a small increase in the magnitude of the effects. These hypotheses, however, have not yet been explored experimentally.)
The data show a complex interplay of TID and DD. Following irradiation, devices show an initial increase in leakage current, simultaneous decrease in threshold voltage (V TH ), and increasing drive current (drain current for gate voltage above threshold) until a fluence of 1 × 10 13 p/cm 2 . Fig. 13 summarizes V TH and I DS,ON , where V TH is the gate voltage at which drain-source current, I DS , equals 1 μA for V DS = 2 V, and I DS,ON is I DS for V GS = 2 V and V DS = 2 V. The initial device response to proton irradiation shows strong similarities to previous studies on AlGaN/GaN material systems [12] . The change in leakage and threshold voltage is most easily explained by net positive charge trapping [13] . Equivalently, the change in threshold voltage and leakage could be explained as the ionization of donor-like defect states in the bulk of the AlGaN buffer layer where the associated deep levels act as a virtual potential that couples to the channel of the device. With increased proton irradiation, gradually, the introduction of defects within the bulk of the AlGaN layer is observed to cause a positive shift in threshold voltage, countering the initial net positive charge trapping process. This second process is explained by compensating negative charge trapping, likely due to the introduction of deep acceptor states that act to compensate the electron channel population. Acceptor-like traps also act as a source of scattering for transport processes resulting in increased on-state resistance. We note the high damage threshold of these materials is consistent with previous proton irradiation results on the GaN material system [12] [13] [14] [15] .
While defect introduction and device characteristics are strongly dependent on growth and fabrication conditions for AlGaN/GaN-based devices, the native defects and radiation-induced defects of a high Al-mole fraction AlGaN material have been observed to exhibit many of the same deep-levels [16] [17] [18] [19] . Fig. 14 shows the conventional drain transfer curves of a transistor for the same proton exposures. The changes in V TH and the effects on I DS,ON are fairly evident both above and below the knee, respectively, for each gate voltage. We do note the relatively small change in I DS,ON under proton irradiation. We note that the impact of proton irradiation on the device operating frequency is of great interest, as the channel resistance and introduction of electrically active deep-levels introduce potential τ = RC time constant penalties and will adversely affect device gain [20] .
IV. SUMMARY
This paper has shown that research prototypes of AlGaN-based HEMTs have a reduced SEB threshold in simulated space environments such that design improvements would be needed to avoid significant derating of these types of devices for use in space applications. The data presented here suggest one could mitigate this lowered SEB threshold by increasing the G-D spacing, and optimizing SEB robustness and other performance metrics together as technology development goes forward. We hypothesize that these data show that burnout events begin with a heavy ion strike in the vulnerable region between gate and drain. This subsequently initiates a cascade of events resulting in damage that is largely manifested elsewhere in the device. This hypothesis is consistent with using G-D spacing as a tool in improving the overall robustness of these devices to SEB without the need for severe derating. While additional characterization testing is needed to more fully describe the trade-offs, we have shown that one can substantially improve the robustness of this technology for use in space environments. Proton exposures in this paper show little reason for concern for TID and DD effects, which would be the other possible issue in space.
